Preferred crystal orientation fabrics (COFs) within an ice sheet or glacier are typically found from ice cores. We conducted experiments at the North Greenland Eemian Ice Drilling (NEEM) facility ice core location, where COF data were available at Jakobshavn Isbrae west Greenland, to test if COF can be determined seismically. We used observations of anisotropic seismic wave propagation on multioffset gathers and englacial imaging from a 2D reflection profile. Anisotropy analysis of the NEEM data yielded mean c-axes distributed over a conical region of 30°to 32°from vertical. No internal ice seismic reflectors were imaged. Direct COF measurements collected in the ice core agreed with the seismic observations. At Jakobshavn Isbrae, we used a multioffset gather and a 2D reflection profile, but we lacked ice core data. Englacial reflectors allowed the determination of ice column interval properties. Anisotropy analysis found that the upper 1640 m of the ice column consisted of cold (≈ −10°C) and mostly isotropic ice with c-axes distributed over a conical region of 80°from vertical. The lower 300 m of the ice column was characterized by warm (> −10°C) ice with COF. These observations were consistent with complex ice fabric development and temperature estimations over the same region of Jakobshavn Isbrae. This study demonstrated that the ice sheet and glacier ice anisotropy information can be gained from seismic field observations.
INTRODUCTION
Preferred ice crystal orientation, also known as the crystal orientation fabric (COF), is well-known from ice core studies of glaciers and ice sheets. COF was first documented in the Byrd Station ice core by Gow et al. (1968) showing how ice crystal c-axes statistically orient more vertically with increasing depth for the area of study. In addition to vertical loading, COF results from stresses induced by ice flow (Gow and Williamson, 1976 , U.S. Army Cold Regions Research and Engineering Laboratory, report 76 35; Gow et al., 1976; Hooke, 1981) . Bennet (1968) shows that COF is related to ultrasonic P-wave anisotropy. Dahl-Jensen (1985) shows that glacial ice with preferred crystal orientation is three times more deformable than ice with randomly oriented crystals, and it can influence the flow behavior of glaciers and ice sheets (Van der Veen and Whillans, 1994) . COF measurements are typically obtained from ice cores and are thus very limited and mostly constrained to areas with little ice flow. Improving our knowledge of the extent of COF layers within the ice sheets would help to assess their effects on large-scale ice flow. Here, we use seismic surveys to interpret the vertical distribution of ice fabric, which allows assessment of the area of fabric extent and how it might vary with depth.
Seismic waves in ice propagate up to 5% faster along the c-axis than perpendicular to it (Bennett, 1968; Bentley, 1971; Röthlis-berger, 1972 , U.S. Army Cold Regions Research and Engineering Laboratory, Technical report, monograph 11-A2a.). Bennett (1968) investigates the propagation of P-waves through single ice crystals and concludes that ice comprising layers with preferred crystal orientations can be treated as a transversely isotropic (TI) medium. Blankenship and Bentley (1987) develop a method, based on the common midpoint (CMP) seismic measurements and the anisotropic properties of single ice crystals, to estimate the mean c-axis ice crystal orientation within the ice column. Blankenship and Bentley (1987) demonstrate their method at Dome C Antarctica, but given the lack of an ice core at the time, a direct comparison between COF measurements and the seismic observations was not possible. Their interpretation of a single maxima fabric from the multioffset and multiazimuth CMP seismic experiment was proven accurate from direct ice core COF measurements published more than two decades later (Durand et al., 2009) . In this paper, we test the Blankenship and Bentley (1987) seismic anisotropy analysis method at two distinctly different sites in Greenland. The first experiment was conducted at the North Greenland Eemian Ice Drilling (NEEM) facility at the northwest ice divide of the Greenland ice sheet (Figure 1 ), an area of no appreciable flow. The second experiment took place at the fast-flowing Jakobshavn Isbrae in west Greenland (Figure 2 ).
The NEEM facility was established to retrieve a complete ice core covering the early Eemian (approximately 115,000 years ago) and reconstruct the temperature record of that era (Dahl-Jensen et al., 2013) . The NEEM ice core shows large variations in ice rheological properties (crystal sizes and COF patterns). Ice viscosities differ by a factor of 50-100 between the glacial and interglacial Eemian ice, allowing the glacial ice to deform more readily than the interglacial ice (Dahl-Jensen et al., 2013) . Our seismic analysis shows good agreement with the NEEM ice core crystal measurements.
Jakobshavn Isbrae (Figure 2 ) is a fast flowing outlet glacier in Greenland with an annual mass loss of 30 AE 4 Gt∕y (Csatho et al., 2014) . Satellite imagery and information from the lateral and terminal moraines suggest that Jakobshavn Isbrae has experienced significant changes in ice discharge. The unprecedented doubling of ice flow velocity from 6 km ∕a in 1995 to more than 12 km∕a in 2005 (Rignot and Kanagaratnam, 2006; Joughin et al., 2012) is sustained today. Given the importance of Jakobshavn Isbrae to the stability of the Greenland ice sheet, it is important to understand the controls of its recent behavior (e.g., Thomas, 2004; Van der Veen et al., 2011) . Our experiment at Jakobshavn Isbrae ( Figure 2 ) coincided with a 10-km seismic reflection profile (Horgan et al., 2008) that revealed englacial horizons in the lower portion (1648-1740-m depth) of the 1950-m-thick ice column. Horgan et al. (2008) suggest that the englacial reflectivity resulted from COF. We have adapted the Blankenship and Bentley (1987) method to detect zones of preferred ice crystal orientation within the ice column (as opposed to estimate mean crystal orientation for the entire column) and to account for effects of ice temperature on seismic wave propagation. We find that the bottom 300 m of ice at Jakobshavn Isbrae is characterized by preferred ice crystal orientation.
BACKGROUND THEORY
Theoretical anisotropic wave propagation is not commonly discussed in seismic cryosphere studies. Therefore, we briefly review the method developed by Blankenship and Bentley (1987) , also discussed by Bennett (1968) and Blankenship (1982) .
In linearly elastic materials, each component of stress linearly depends on every component of strain (Nye, 1957) . The theory of elasticity for solid anisotropic bodies uses the generalized Hooke's law as follows:
where P ij represents nine components of stress, ε mn represents nine components of strain, and C ijmn represents a stiffness tensor that contains 81 elastic constants. Given the complexity, several tensor symmetries (e.g., isotropic, monoclinic, triclinic, cubic, orthorhombic, and TI) are commonly used to describe the stiffness and wave velocity. These symmetries are distinguished by the form of their tensor (Tsvankin, 2005) . Bennett (1968) shows that the type of anisotropy characteristic of hexagonal crystals, such as ice, is similar to that of the layered media. A medium of this type is known as TI: "TI is the simplest anisotropic case of broad geophysical applicability, it has one distinct direction (usually, but not always, vertical) , whereas the other two directions are equivalent to each other" (Thomsen, 1986) . As a result, the elastic properties only vary as a function of the angle from the vertical, i.e., the angle of incidence. The elastic properties are radially symmetric with respect to a fixed axis of symmetry. In the case of layered media, the axis of symmetry is normal to the layering. Therefore, if an ice column is completely composed of ice with COF, the elastic properties would be symmetrically normal to the c-axis (Bennett, 1968) .
The TI tensor contains five independent elastic constants. Bennett (1968) determines five elastic constants for single ice crystals obtained from the Mendenhall Glacier in Alaska (ice temperature: −10°C) from laboratory ultrasonic measurements. Using the elastic constants, Bennett (1968) models the mean slowness (inverse of velocity) of ice crystals at −10°C by assuming that the crystallographic c-axes were spaced evenly along a solid cone of semiapex angles I with radial symmetry about the z-axes (Figure 3 ). The geometry of the solid cone is frequently observed in core measurements collected in ice sheets (Blankenship, 1982) in which small I values (closed cone) represent single-maxima COF, and large I values represent random ice crystal orientation. The reconstruction of the slowness surface (i.e., the surface of wave constant velocity) is based on σ, which represents the angle between the axis of symmetry z and the direction of wave propagation S (Figure 3 ). The expression for mean slowness was obtained by spatially averaging the slowness contribution of each single ice crystal orientation as a function of σ.
According to Bennett (1968) , the expression of a slowness surface on a solid cone for polycrystalline ice at −10°C is given by the following equation:
where
The coefficients a, b, and c are empirically derived (a ¼ 256.28 μs∕m, b ¼ −5.08 μs∕m, and c ¼ −5.92 μs∕m); σ is the angle between the axis of symmetry z and the direction of wave propagation S; and I represents the ice crystal orientation in a conical distribution ( Figure 3 ). In Figure 4 , equation 2 is used to model the variation of slowness as a function of σ for multiple I, where I ¼ 90°represents perfectly random ice crystal orientation (no variation of slowness as a function of sigma: solid line), and I ¼ 0°represents single-maxima COF (maximum variation of slowness as a function of sigma: triangles).
The velocity surface can be easily constructed for an ice column from a CMP seismic gather if the local bed geometry is known. The slowness surface as a function of σ can also be determined (Blankenship and Bentley, 1987) . By comparing the modeled slowness surfaces (e.g., Figure 4 ) and the slowness surface observed from a CMP seismic experiment, it is possible to determine if COF is present in the area of study.
FIELD EXPERIMENTS NEEM experiment
We acquired a long-offset, pseudo-CMP active-source seismic gather 6.5 km north of the NEEM ice core location (Figure 1 ) to compare anisotropy observations directly with COF information from the ice core. (after Bennett, 1968) .
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NEEM data acquisition
The seismic experiment at NEEM was conducted in June 2012, and the location was selected to avoid interference with the site's aircraft runway. Three source shots with increasing offset were recorded in a pseudo-CMP configuration. The receiver line was 1900 m long with ninety-six 100 Hz geophones at 20 m spacing. The first shot offset range was 20-1920 m to obtain near-offset coverage at small incidence angles. For shots two and three, source and receiver locations were rolled in opposite directions resulting in the offset ranges of 1940-3840 and 3860-5760 m, respectively. Shot records two and three provided wide-angle, far-offset coverage of approximately twice the thickness of the ice column. The seismic source was 0.5 kg of pentaerythritol tetranitrate (PETN) placed in shotholes buried 10 m below the surface. Data were recorded for 8 s with a 0.25-ms sampling interval using four 24-channel seismographs. Shot triggering and recording was enabled by global positioning system (GPS) synchronization.
NEEM experiment results
Data from shot one are shown in Figure 5 with a band-pass filter of 80-350 Hz to increase the signal-to-noise ratio and facilitate picks for the base of ice (bed) interface. We used an average seismic velocity for ice of 3840 m∕s NMO correct the shot gather based on an ice temperature of −14°C , and the relationship for temperature correction for P-wave velocity (Kohnen, 1974) . As seen in Figure 5b , the bed reflection is flattened for the first two-thirds of the offset range of the shot gather, but moveout remains at far offsets from approximately 1200 to 1920 m. This residual moveout (reflectors at far offsets exhibiting later arrival times) may be the result of bed topography or a decrease in seismic velocity caused by the anisotropy in the ice column.
The Blankenship and Bentley (1987) analysis requires bed geometry information (depth and dip angle). Assuming horizontal geometry and using time picks extracted from all three shots, the slowness surface varied from 252 to 260 μs∕m with σ values ranging from 0°to 48° (Figure 6 ). Modeled slowness curves are also 
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The orientation distribution determines the type of COF (e.g., random, single maxima, and disk fabric; refer to Figure 7) , and it is used to infer the stresses acting in an ice column ( Van der Veen and Whillans, 1994) . Measurements at NEEM confirmed COF for approximately 76% of the ice column (600-2500 m depth) with 16% characterized by single maxima COF and 60% by a disk ice fabric (Montagnat et al., 2014) . The transition between random ice and the disk fabric is gradual, changing over an interval approximately 400 m thick. The same behavior is observed in the transition between the disk fabric and a single maxima over an interval of approximately 220 m. The seismic data reveal no internal horizons. This lack of seismic reflections is interpreted to result from a gradational COF transition, occurring over hundreds of meters, and the relatively shorter wavelengths (approximately 20 m) of the seismic data.
Although ice measurements are not given in the form of I values, based on the eigenvalues published by Montagnat et al. (2014) , I values in the range of 15°-25°should be expected for the bottom 60% of the ice column. The seismic line was oriented oblique to the northwest-southeast-trending ice divide, at approximately 50° (Figure 2 ). Numerical models of ice deformation show that ice subjected to extensional forces (such as at an ice divide) tends to generate a disk fabric in which the disk is oriented perpendicular to the extensional forces (Van der Veen and Whillans, 1994). Given the extensional stress at NEEM, the disk fabrics observed at the area of study should be oriented parallel to the ice divide. As a result, the seismic line is oriented obliquely to the anisotropy of the disk, and the variation of seismic velocity as a function of angle of incidence may not follow a single model of I.
Our analysis shows that the slowness model of I ¼ 30°fits the mid and far offsets, whereas I ¼ 32°fits the near offsets. The oblique seismic line observed an apparent seismic anisotropy less than the real maximum anisotropy of ice that would result in greater I values. Furthermore, the I estimates are averaged over the entire propagation path, including shallow isotropic ice (I ¼ 90°) and deeper anisotropic ice. The effect of propagation through isotropic ice (24% of travel path at NEEM) results in higher I values than the COF measurements at the ice core. Therefore, our mean COF I estimates of 30°and 32°agree well with the eigenvalues obtained in the NEEM ice core (Montagnat et al., 2014) .
Seismic studies have associated the presence of internal ice reflections with sharp transitions in COF (e.g., Horgan et al., 2008 Horgan et al., , 2011 Hofstede et al., 2013) . However, the experiment performed at NEEM shows that the lack of internal ice reflectivity does not necessarily indicate the absence of COF. The absence of abrupt COF transitions at NEEM is consistent with the location of the site in the interior of the Greenland ice sheet compared with COF patterns that may be expected at faster flowing regions.
Jakobshavn Isbrae experiment
Jakobshavn data acquisition
The seismic experiments at Jakobshavn Isbrae were conducted in the summer of 2007 approximately 100 km away from the mouth of Jakobshavn Isbrae. The ice was moving approximately 100 m∕a (Figure 2) . Two data sets were collected simultaneously in an area in which no nearby ice core information was available. The first data set (Horgan et al., 2008) consisted of a 10 km 2D seismic reflection profile aligned along the ice flow direction. The second data set, used in this study, is a receiver gather acquired with a stationary array of eight 100-Hz vertical geophones at 0.5 m spacing. Data were recorded for 8 s using a 0.5 ms sampling interval. The source for both data sets was 500 g of PETN at a depth of 10 m below the surface. Simultaneous shot triggering and data recording were enabled by GPS synchronization.
Source locations were oriented along ice flow direction, spaced 160 m at offsets ranging from −1760 to þ1600 m. The resulting receiver gather consists of 22 variable-angle records corresponding to incidence angles at the base of ice ranging from −24°to þ20°. The data from all eight geophones were stacked for each shot, and a 150-Hz low-pass filter was applied to increase the signal-tonoise ratio.
Jakobshavn experiment results
The seismic profile presented by Horgan et al. (2008) imaged the bed geometry, and distinct englacial horizons, interpreted to be the result of COF. Figure 8 shows a 1.3-km section of the profile coincident with the 22-trace receiver gather. The reflection horizon from the bed is at approximately 1000 ms, and two englacial horizons are identified as "shallow layer" at approximately 820 ms, and "deep layer" at approximately 910 ms (Figure 8 ). Unlike the analysis at NEEM and by Blankenship and Bentley (1987) in which mean seismic anisotropy was determined over the entire ice column by deriving slowness of the bed, englacial reflectivity allows slowness observations within the ice and the determination of localized anisotropy. Depth and dip angles for the three horizons (shallow and deep englacial reflectors and the bed) were extracted from the reflection profile at each trace location of the receiver gather data and used in the slowness versus σ analysis. Figure 9 shows the results of field data analysis (symbols) and model curves for varying I values. The slowness solutions from field data are bulk-shifted relative to the model curves and fall outside the range of plausible slowness versus σ values. The model curves were developed for a constant ice temperature of −10°C (Bennett, 1968) . We attribute this shift in velocity to ice temperature variability, which would affect seismic velocity and attenuation (e.g., Kohnen, 1974; Tonn, 1991; Dasgupta and Clark, 1998) . Temperature decreases (warm ice) or increases (cold ice) P-wave velocity. At Jakobshavn Isbrae, seismic attenuation observations and ice core measurements show a temperate basal ice layer within the lowermost 300 m of the ice column (Iken et al., 1993; Peters et al., 2012) . Therefore, we correct for temperature effects in our anisotropy analysis by determining bulk-shift velocity correction factors based on the fit of the observed data to the slowness models. The sign of each velocity correction factor provides relative information about the internal temperature of the ice column, with a positive velocity correction factor indicating ice warmer than −10°C and a negative correction factor indicating ice colder than −10°C. Figure 9 indicates that positive velocity shifts of the field observations are needed to match the model curves, and therefore, ice warmer than −10°C should be present in the region of internal ice reflectivity and the bed, which is consistent with the temperate basal ice at Jakobshavn. Figure 10 displays temperature-corrected slowness observations along with the corresponding model curves. Our analysis reveals that the shallower internal layer slowness varies from 259 to 258 μs∕m, which represents 0.46% anisotropy corresponding to I ¼ 80°using a velocity correction factor of þ30 m∕s. The deep layer varies from 251 to 256 μs∕m. This accounts for 2% of slowness anisotropy, which correlates with a modeled ice crystal orientation of I ¼ 29°with a velocity correction factor of þ125 m∕s. Finally, the bed slowness changes from 253 to 257 μs∕m accounting for 1.33% variation in velocity and I ¼ 35°with a velocity correction factor of þ90 m∕s (Figure 10) .
The small correction factor of 30 m∕s for the shallow layer suggests that the top 1640 m of the ice column is characterized by ice with a temperature close to −10°C, whereas the correction factors of 125 m∕s for the deep internal layer and 90 m∕s for the bed indicate warmer ice at the bottom 300 m. This result strongly agrees with the temperature model for this area derived by Peters et al. (2012) using seismic attenuation.
Jakobshavn experiment discussion
The seismic anisotropy model developed by Bennett (1968) relates the slowness of ice at a temperature of −10°C to ice crystal orientation I and the angle with the direction of wave propagation σ (Figure 3 ). The seismic ice velocity also depends on temperature (Kohnen, 1974) . Therefore, the elastic moduli determined experimentally by Bennett (1968) depend on temperature. As a result, our analysis is affected by the ice column temperature, as well. Consequently, temperature affected our velocities but not anisotropy. Thus, the slowness variation with offset observed in the field data (Figures 9 and 10 ) results from preferred ice crystal orientation.
Using the velocity correction factors, our results suggest that the top 1640 m of ice is isotropic (I ¼ 80°), whereas the bottom 300 m is anisotropic (average I ¼ 32°). However, multiazimuth data are necessary to capture the full radial extent of the velocity anisotropy. Given that the 2D multioffset data were collected along the flow direction of the glacier, the analysis would correspond only to the anisotropy along the 2D line, which does not necessarily represent the mean anisotropy in the ice column.
Based on the location of the test site, we reasonably assume that lateral drag is small and the main driving forces are basal drag and gravitational forces. Typically, in areas in which vertical shear is dominant, the near-surface ice is characterized by a random c-axis distribution, whereas the englacial and basal ice are characterized by a preferred ice crystal orientation (e.g., Alley, 1988; Budd and Jacka, 1989; Wang et al., 2002) . Using an age-depth relationship (Funk et al., 1994) , the impurity loading history of Greenland (Mayewski et al., 1993; O'Brien et al., 1995) , Horgan et al. (2008) suggest that the low-frequency reflection at 910 ms (Figure 8 deep layer) corresponds to the bottom of the Younger Dryas stadial ice, characterized by predominantly vertical c-axes. Therefore, our results strongly agree with the observations made by Horgan et al. (2008) . The presence of englacial reflectors in conjunction with short seismic wavelengths (approximately 25 m) and the increase in anisotropy between the shallow and deep internal layers (Figure 10) suggest that the transition to anisotropic ice must occur within a short interval of a few meters, which correlates with the rapid transition (<10 m) observed between random and single maxima COF at the Dye-3 ice core 500 km from our area (Herron et al., 1985) .
As previously discussed, Bennett's (1968) model is based on single ice crystal ultrasonic measurements, and therefore it does not incorporate the complexity of seismic wave propagation through an ice sheet or glacier. In addition, our analysis is based on single-azimuth seismic data, which does not capture the full presence of the anisotropy of the ice column. Therefore, our I values for each Figure 10 . Mean ice crystal orientation analysis results of three interpreted horizons from the multioffset data with velocity corrections applied to account for ice temperature effects. The symbols indicate field observations, and the lines indicate slowness models for varying I angles.
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layer should be used to determine the presence of preferred ice crystal orientation and not to quantify the actual angle at which the ice crystals are oriented.
CONCLUSIONS
We have successfully analyzed the seismic wave slowness variability as a function of wave field angle with ice crystal orientation at the NEEM site to determine COF. We found a correlation between the slowness results and models of mean c-axes distributed over a conical region I of 30°-32°from vertical for most of the area of study based on the assumption of a flat bed at a depth of 2540 m. Near-offset versus far-offset slowness observations may fit slightly different I models due to the variation of seismic velocity traveling through different parts of the disk ice fabric as the angle of incidence increases. Given the ice column properties of the area of study, we consider the mean I angle of 30°acceptable and confirm the utility of the anisotropy analysis method for single-azimuth data to detect preferred ice crystal orientation. However, because the angle at which the wavefront travels relative to the orientation of the disk fabric is not known, a direct one-to-one comparison between the seismic anisotropy analysis and the NEEM ice crystal data is not possible. The use of multiazimuthal data should substantially increase the robustness of the analysis, thus allowing the comparison between the mean ice crystal orientation based on the direct ice crystal measurements and the mean ice crystal orientation based on the seismic anisotropy analysis.
By adapting the anisotropy analysis method to account for velocity changes due to ice temperature and by examining slowness observations from three layers, it was possible to obtain information about the ice crystalline fabrics in the ice column of Jakobshavn Isbrae. The analysis for all three layers revealed that the slowness results match models of I of 35°, 29°, and 80°with velocity correction factors of þ90, þ125, and þ30 m∕s for the bed, deep, and shallow layers, respectively. Therefore, we conclude that the top 1650 m is mostly isotropic at a temperature close to −10°C, whereas the bottom 300 m is temperate with the preferred ice crystal orientation.
The presence or absence of englacial reflectors also provides an insight into the nature of the transition between random and anisotropic ice. At NEEM, no reflectors were observed in the areas of transition between COF. This is attributed to the thickness of the transition zone of hundreds of meters resulting in a gradational interface. The englacial reflectors at Jakobshavn indicate an abrupt transition interval of a few meters. Importantly, although the presence of englacial reflectivity provides evidence of COF development, the absence of reflectivity does not exclude the presence of COF layers.
